Childhood tuberculosis (TB) has increasingly been recognised as contributing a substantial proportion of the global TB caseload. In South Africa childhood TB has been estimated to contribute approximately 20% of all cases, with the most recent estimates of TB prevalence in Cape Town of 511/100 000 in children under 5 years of age. 1 The resurgence in TB incidence has been driven by the HIV epidemic, with dual epidemics occurring in South Africa.
In recent decades there have been advances in several areas of childhood TB with much research conducted at the University of Cape Town. Pioneering work has been done spanning diagnosis, prevention, management and the impact of HIV. This article reviews some of these recent advances.
Advances in epidemiology
The highest TB incidence rates in the world occur in sub-Saharan African countries, many of which are also experiencing an HIV epidemic. 2 TB is a leading cause of mortality and morbidity in South Africans generally. While adult TB results from both recent and past infection, childhood TB results from recent infection and reflects on-going TB transmission. 3 Pulmonary TB (PTB) is an important cause of morbidity and death in African children. TB in children frequently occurs in association with HIV infection. The rates of TB infection now found in South African children and adolescents are similar to those reported in Europe before chemotherapy became available. Mycobacterium tuberculosis is increasingly reported as an important cause of acute pneumonia among children from high TB prevalence areas, 4 including South African children, both HIVinfected and uninfected. 5 An important study by Middelkoop et al. 3 in Cape Town township children under 15 years reported a 4% annual risk of infection and an annual TB notification rate of 0.6 -1.0%. The mean percentage of exposures to adult TB for TB-uninfected children, latently TB-infected children and TB cases was 5.1%, 5.4% and 33% per annum and the mean number of adult smear-positive cases per exposed child was 1.0, 1.6 and 1.9, respectively. Acquisition of infection was not associated with the HIV status of the adult TB case to which the child was exposed; 36% of paediatric TB cases were diagnosed before the temporally closest adult case on their plot. They also demonstrated that the annual risk of TB infection in preschool children predominantly results from infectious residents at home, but that even with limited social interactions, much transmission occurs from non-resident adults. Reductions in household transmission could be achieved by increasing ventilation or by separating child and adult sleeping areas. 6 Some important insights into the epidemiology of paediatric TB in high prevalence settings have also been gained through trials of novel TB vaccines. 7 Mahomed et al. 8 reviewed the clinical records of all children under 2 years of age diagnosed with TB disease in the greater Cape Town area who were born during a change in the vaccination programme from percutaneous (PC) Tokyo to intradermal (ID) Danish BCG. The annual incidence rate of 0.86 -0.87% was similar for PC and ID recipients. However, the rate of disseminated TB was significantly lower in the ID cohort and significantly higher in those not vaccinated with bacilli Calmette-Guérin (BCG). 8 Further analysis showed that TB incidence peaked in children aged 12 -23 months, with many children experiencing severe TB disease; 20% of children with microbiologically confirmed TB presented with only one feature typically associated with TB. 9 Hawkridge et al. 10 in a phase IV trial comparing the efficacy of PC versus ID Tokyo BCG in the prevention of TB in 11 680 newborns, demonstrated equivalence between the groups, and reported very high disease rates. From the same trial, Hatherill et Childhood tuberculosis (TB) is common in high TB burden countries, contributing a substantial proportion to the TB caseload. The HIV epidemic has had a large impact on the incidence, diagnosis and management of childhood TB. Aim. To review the contributions from researchers at the University of Cape Town to the field of childhood TB over the past decades.
Methods. Review of published literature on studies of childhood TB done by investigators from the University of Cape Town.
Results. Important advances have been made, especially in the areas of epidemiology, diagnosis and prevention of childhood TB. Epidemiological research has led to improved understanding of the large burden of childhood TB in Cape Town. Advances in diagnosis include use of improved specimens, particularly induced sputum and better diagnostic tests. The efficacy of GeneXpert, a rapid polymerase chain reaction (PCR)-based diagnostic test, on induced sputum specimens, has potential to enable a confirmed diagnosis in children of all ages at a range of healthcare facilities, and represents an important advance in management of children presenting with suspected TB. Advances in prevention include the establishment of a vaccine study site and several studies on immunisation, and on the use of primary isoniazid prophylaxis as an effective preventive strategy in symptomatic HIV-infected children.
Conclusion. Research in childhood TB has led to important advances in diagnosis and management, enabling better care for HIV-infected and uninfected children.
('scoring systems') used for the screening and diagnosis of childhood TB for case yield. TB infection and disease rates in adolescents have also been studied as part of preparation for TB vaccine trials in this target population. In the Boland rural area between 40% and 60% of 13 -18-year-olds were found to be infected, as indicated by a positive tuberculin skin test or an interferon-gamma release assay;
12 the annual risk of infection was approximately 3%. Disease rates, around 0.4% per annum, depending on the case definition used, appear to be lower than in infants (H Mahomed, personal communication).
Advances in diagnosis
PTB in children may be difficult to diagnose definitively as a result of nonspecific clinical and radiological signs, paucibacillary disease, and lack of capacity for microbiological diagnosis. Diagnostic uncertainty has been compounded by the HIV epidemic in which chronic lung disease, anergy and nonspecific clinical and radiological signs make definitive diagnosis even more challenging. While the clinical diagnosis has relied on chronic symptoms such as prolonged coughing or failure to thrive, recent studies have shown that TB is a cause of acute pneumonia (rather than chronic disease). In a study of children hospitalised with acute pneumonia in Cape Town, cultureconfirmed TB occurred in 8% of HIV-infected and -uninfected children. 13 Clinical or radiological signs do not enable PTB to be distinguished from other pathogens. Radiological changes may be nonspecific and interpretation is further complicated by wide interand intra-observer variation in the interpretation of the presence of mediastinal lymphadenopathy, one of the major radiological features for diagnosis. 14, 15 Immunological diagnosis
Interferon-gamma release assays (IGRAs)
The diagnostic usefulness of IGRAs in settings characterised by high TB and HIV infection rates was explored in several studies. Either enzyme-linked immunospot (ELISPOT) or Quantiferon TB Gold (in-tube) assays were utilised in these studies. An early project in hospitalised children recorded detectable ELISPOT responses to ESAT-6 or CFP10 in 49 of 70 (70%) children with clinical TB. Detectable responses were most frequent in children with culture-confirmed disease, i.e.10 of 12 children (83.3%). 16 Subsequent community-based studies showed that the performance of IGRAs was not superior to that of tuberculin skin tests (TSTs) for diagnosing childhood TB. The first of these studies evaluated the T-SPOT.TB assay, a commercial ELISPOT test in 218 children with a median (interquartile range) age of 18 (14 -24) months. The sensitivity of T-SPOT.TB was not statistically different from that of TST in culture-confirmed TB, and T-SPOT.TB performed more poorly when evaluated in all children with culture-confirmed and probable TB (40% v. 52%). 17 Another study in 397 children less than 3 years of age yielded similar sensitivities and specificities for the Quantiferon TB Gold (in-tube) assay and TST, with very good agreement between these tests. 18 A similar study performed in adolescents showed that there was no significant difference in the diagnostic predictive value of Quantiferon TB Gold (in-tube) assay and TST. 12 In HIV-infected children with culture-confirmed or probable TB, ELISPOT was shown to be more sensitive than TST for the detection of active TB, i.e. 25/39 (64%) v. 10/34 (29%), p=0.005. The sensitivity of ELISPOT in HIV-infected children was not high enough for the test to be used to rule out TB. 19 Extended analysis of this dataset showed that beyond clinical findings, ELISPOT did not have statistically significant added diagnostic value in HIV-infected children with smear-negative TB.
In summary, these studies showed that there is a very limited role for IGRAs in the routine investigation of childhood TB in highburden settings. Additional study in HIV-infected children may be warranted.
Tuberculin skin testing
A study of more than 1 500 children <5 years old who underwent tuberculin skin testing with both Mantoux and Tine tests showed that a significantly higher proportion tested positive on Tine testing (32.8% v. 28.4%) with reasonable agreement between the two testing methods. These findings suggested that the Tine test should be considered as a screening tool for childhood TB in resource-limited settings. 20 Although several factors are known to influence TST response, including nutritional status, HIV infection, immunosuppressive therapy and severe primary immunodeficiencies, whether or not genetic determinants influence the response was not known until very recently. An international research collaborative explored this question by conducting a genome-wide linkage search for loci affecting TST reactivity in a large Western Cape patient cohort. Two gene loci controlling TST reactivity were identified, located on chromosomal regions 11p14, which influences T-cell independent resistance to M. tuberculosis and 5p15 which controls the intensity of T-cell-mediated delayed hypersensitivity to tuberculin. These findings are considered important, because further exploration of these gene loci may help to elucidate the molecular mechanisms involved in resistance to M. tuberculosis in high TB prevalence settings. 21 
Microbiological diagnosis
Definitive microbiological diagnosis and antimicrobial susceptibility have become increasingly important for reliable diagnosis in children, given the issues of pill burden, adherence and the emergence of drugresistant isolates. 22 Microbiological confirmation of TB in children by culture has not been part of routine care in high-burden settings, because of the unavailability of facilities, the difficulty in obtaining samples, the poor performance of smear microscopy and the perception that microbiological yield is low. However, several studies done in Cape Town have confirmed the feasibility and usefulness of microbiological confirmation in young children with suspected PTB using sputum induction. [23] [24] [25] [26] [27] [28] These have shown that collection of sputum is feasible, safe and effective even in infants. Sputum induction has a number of advantages over gastric lavage (GL) as it can be done as an outpatient procedure, is relatively easy to perform, and the yield is higher. In two large studies in hospitalised infants in a tertiary care facility in South Africa (median ages 9 and 13 months), samples were successfully obtained from 95% of children. 23, 27 In the first study, one induced sputum (IS) sample yielded more positive cultures (10% of samples) than 3 sequential GL samples (6% of samples). 23 In the second study the cumulative yield from 3 IS samples (87%) was greater than that of 3 GL samples (65%, p=0.018), while a single IS sample was equivalent to three GL samples. 27 The yield was similar in HIV-infected and -uninfected children.
Two studies in the Western Cape have evaluated the yield from sputum induction in less ill children presenting for care at primary or secondary level health facilities. 25, 26 Among children with mild illness admitted to a case-verification ward as part of an infant TB vaccine trial, the yield of a single IS and GL sample was equivalent; however, positive cultures (from 2 GL and 2 IS samples) were only obtained in 10% of children admitted. 25 More recently a study done at a primary care clinic in Khayelitsha, investigated 270 children (median age 38 months) with suspected TB with 2 IS specimens taken on sequential days. In 11% of cases, a microbiological diagnosis was made; furthermore IS improved the diagnostic yield by 22%, resulting in substantial numbers of children receiving treatment who would not have been treated on clinical judgement. 26 Furthermore, using a Likert scale, most sputum induction procedures (91%) were rated as very easy or easy to perform by the healthcare worker performing the test in this setting. 26 Combined data from a number of studies in infants and young children involving thousands of sputum induction procedures have found IS to be safe without any serious adverse events. [23] [24] [25] [26] [27] [28] For prompt, effective initiation of therapy, a rapid diagnosis of TB in children is needed. Most recently, IS was reported to be highly effective for rapid detection of PTB including rifampicin resistance using Xpert MTB/RIF, an integrated specimen processing and nucleic acid amplification test for detection of M. tuberculosis and of resistance to rifampicin. In this study, Xpert done on two sequential sputum specimens detected 76% of children with culture-confirmed disease with 99% specificity; the yield was more than twice that of a smear. 28 Detection of rifampicin resistance was highly reliable compared with line probe assay. Results, available at a median of 1 day, were much faster than culture. 28 These results have provided evidence in children to support the recent recommendations by the World Health Organization (WHO) that Xpert should replace smear on sputum specimens as the initial diagnostic test in areas of high HIV prevalence or drug resistance. 29 The reliability of Xpert is an important advance, enabling rapid diagnosis of childhood TB and initiation of appropriate therapy. This is important as South African studies have reported that up to 50% of children who have culture-confirmed TB are discharged from health facilities without treatment as culture results take weeks. However, upscaling of capacity for sputum induction for children in health facilities is needed, including appropriate training of staff. The tools now exist for better diagnosis of childhood TB but the operationalisation of this will depend on visionary policy makers, health managers and healthcare workers.
Prevention of TB disease
Prevention of TB disease may be achieved through a number of strategies including improvement in socio-economic living conditions, better TB control especially detection of adult cases, immunisation of children, use of isoniazid (INH) prophylaxis and use of highly active antiretroviral therapy (HAART) in HIV-infected children. Much work on understanding the immunological response to M. tuberculosis infection and developing improved TB vaccine strategies has been done by the South African TB Vaccine Initiative (SATVI), which is addressed in a separate publication. The use of primary INH prophylaxis in HIV-infected children is an effective strategy that has been studied in Cape Town.
INH prophylaxis
National and international guidelines have consistently recommended INH prophylaxis given for 6 months in children under 5 years of age or HIV-infected children of any age, who are exposed to a household TB contact or have a positive tuberculin skin test.
Recently, the efficacy and safety of primary INH prophylaxis in HIV-infected children has been shown in a randomised control trial done in Cape Town. In this study, children receiving INH had a significant reduction in TB incidence and in mortality. INH reduced the incidence of TB by 72% and mortality by 54%. 30 Of note, most children were not taking HAART at the start of the study, which pre-dated antiretroviral availability in South Africa. More recently, a follow-up study of this cohort reported the efficacy of INH in addition to HAART for TB prevention. Children were followed up for a median of 5 years, during which most went onto HAART. Over this time HAART reduced the incidence of culture-confirmed TB by 70%, INH alone reduced this by 80% while the combination of INH and HAART was most effective, reducing TB incidence by 90%. 31 In contrast, INH prophylaxis has not been reported to be effective for preventing TB in HIV-exposed infants who were initiated on HAART early in life and were very closely followed up, including provision of INH prophylaxis whenever there was exposure to a household TB contact. 32 Differences in patient populations (clinically well HIV-exposed infants with mild immunosuppression started on HAART 32 compared with HIV-infected children with advanced clinical and immunological disease 30, 31 ) and study methodology, particularly very consistent and reliable use of INH prophylaxis for HIV-exposed children if there was contact with an adult TB source case, may explain these findings. 33 In reality, tracing of child contacts is notoriously poorly done in TB programmes, so this strategy is unlikely to be feasible in high TB prevalence countries; moreover, this cannot be applied to children with more advanced HIV disease. Excellent long-term safety has been reported with such use of INH prophylaxis. 34 Thus INH may be an effective public health intervention for HIVinfected children living in high TB prevalence areas, especially in children with more advanced HIV disease. 35 Recent WHO guidelines now recommend primary INH prophylaxis in adults, adolescents and HIV-infected children over 1 year of age living in high TB prevalence areas for up to 36 months. 36 
Tuberculous meningitis
Tuberculous meningitis (TBM) is the most lethal form of TB, yet little progress has been made in therapy. Several controversies remain, including the treatment of increased intracranial pressure and tuberculous hydrocephalus. Although computed tomography is essential, it cannot determine intracranial pressure or distinguish between communicating and non-communicating hydrocephalus. 37 This is critical to directing further therapy. Standard surgical treatment for hydrocephalus has been ventriculoperitoneal shunt insertion, but long-term complications are common. As an alternative, we described the use of endoscopy for non-communicating tuberculous hydrocephalus, a procedure in which the cerebrospinal fluid is drained internally, without relying on an external shunt. 38 We reported the endoscopic features of ependymal tubercles, thickened and inflamed hypothalamus, and extensive exudates in the prepontine cistern, and a protocol for managing these difficult patients. 39 Subsequent to the original description, several other centres have reported the use of endoscopy for tuberculous hydrocephalus.
Even if increased intracranial pressure is successfully treated, however, patients often die or are disabled by the vasculitis of the basal cerebral vessels and consequent brain infarction. There have been no methods to diagnose this ischaemic process or interventions to prevent it; radiology simply confirms the end result. Recently we demonstrated how brain oxygen monitoring could be used to detect ischaemia in these patients, raising the possibility of being able to intervene before infarction ensues. 40 Since brain ischaemia leads to death and disability, we need to develop better invasive and noninvasive tools to enable monitoring for ischaemia.
There are major obstacles to determining which patients will deteriorate: the clinical features are nonspecific, several factors may be operative, including increased intracranial pressure, brain ischaemia, encephalopathy, seizures, and hyponatraemia. Therefore, we have embarked on a study to examine biological markers of the degree of inflammation and structural brain injury that may yield an objective measure of disease severity and a possible surrogate marker for evaluating subsequent treatment interventions.
Conclusion
There have been major advances in the development of better diagnostic, treatment and preventive strategies for childhood TB. Prevailing perceptions that a confirmed diagnosis is difficult or unnecessary need to change as widespread implementation of new diagnostic testing and of appropriate treatment in children can potentially be achieved. However, under-recognition of the disease burden and a relative lack of resources for childhood TB remain challenging.
